When ionizing radiation passes through the living tissue, different chemical reactions ta ke place. As a result, a variety of species occurs in the water medium. Among them are free radicals, secondary electrons, ions, as well as molecular products (H 2 and H 2 O 2 ). According to the multiscale approach of ion beam therapy [2] , the main factor that deactivates cancer cells is the da mages to the structure of their DNA called DNA strand breaks. However, due to the DNA repa ration mechanisms, the living cell can effectively treat the lesions of its double helix. So, the question about the biological mechanism of deactivation of cancer cells in ion beam therapy still remains open [3] .
Simulations of the water radiolysis process [4] shows that, on the scale of biological lifeti mes (∼1 μsec), the largest concentration among all the products is revealed by hydrogen peroxide molecules (H 2 O 2 ), but their role in the ion therapy of cells remains unexplained yet. In our paper [5] , it was proposed a hypothesis that hydrogen peroxide can create stable complexes with DNA active sites and block, in this way, the DNA replication processes. Under physiological conditions, these sites are surrounded by water molecules. But, due to an increase of the concentration of H 2 O 2 , these molecules should compete with water molecules for the binding with DNA sites. Therefore, it is important to understand whether hydrogen peroxide molecules can interact with active DNA recognition sites stronger than water molecules, thus blocking the processes of genetic information transfer.
In work [5] , the interaction of hydrogen peroxide molecules with centers of non-specific protein-nucleic recognition, DNA phosphate groups (PO 4 ), was studied. It was shown that H 2 O 2 molecule can form sufficiently stable complexes with DNA PO 4 groups and counterions, and block the protein-nucleic recognition process. In the present paper, we consider the interaction of H 2 O 2 and H 2 O molecules with specific DNA recognition sites -atomic groups of adenine, thymine, guanine, and cytosine (A, T, G, and C) nucleic bases -to determine if they can form stable complexes.
The next section will describe our calculation methods. In Sec. 3, a comparative analysis of the stability of the complexes consisting of H 2 O 2 and H 2 O molecules with nucleic base (adenine, thymine, guanine, or cytosine) will be performed. In Sec. 4, it will be discussed how our results can lead to the understanding of the mechanism of blocking of the genetic information transfer processes.
Materials and methods.
For the analysis of the interaction energy and structure of the investigated molecular complexes, two computational approaches are used -the method of classical atom-atom potential functions (AAPF) and the method of quantum-chemical calculations based on density functional theory with B3LYP functional. In this section, we will briefly describe these two approaches.
2.1. Atom-atom potential function method. The atom-atom potential function method is described in details in work [6] . In addition, when considering the hydrogen bond interaction between atoms i and j situated on a distance r ij between each other, (10) 
where q i and q j are the charges of the atoms i and j located at a distance r ij , ε 0 is the vacuum permittivity, and ε(r) is the dielectric permittivity of the medium. The charges q i , q j for nucleic bases were taken from works [7, 8] . [9] . Since DNA in a living cell is situated in a water-ion solution, the interacting atoms are screened by water molecules. This leads to a weakening of the Coulomb interaction. Thus, the more effective accounting of the Coulomb interaction can be achieved using the dependence of the dielectric permittivity upon the distance (ε(r)), developed by Hingerty et al. [10] in the explicit form: 
where r p = r/2.5. Below, AAPF with the use of expression (3) will be called AAPFh.
Quantum chemistry approach.
In the quantum-chemical calculations, the B3LYP/6-311+G(d,p) method with a supermolecular approach is used. Calculations are made within the Gaussian software [11] . The interaction energy is considered as a difference between the energy of the molecular complex XY and the energies of its components X and Y:
The basis sets of the molecular complex XY (dimer-centered basis set) and of the isolated molecules X and Y (monomer-centered basis sets) are shown in parentheses. The counterpoise correction (CP) is made to avoid the basis set superposition error, as following:
In the framework of this approach, the deformation energies for hydrogen peroxide and water molecules are calculated. It is assumed that nucleic bases are the rigid structures. The deformation energy is calculated to involve the possible differences between the isolated states of the molecules and of those within complexes:
Thus, the complete interaction energy in a complex is presented by the formula complete def .
In addition, in the framework of the present method, to get an electrostatically neutral structure, the atoms C 1 ′ that form glycosidic bonds of the nucleic base with the DNA backbone are changed to H atoms for adenine and thymine and to CH 3 group for guanine and cytosine.
3. Calculation results. The interaction of nucleic bases with water molecules has been considered in the set of works [12, 13] , but the interaction with hydrogen peroxide molecules has not been studied sufficiently yet. Up to now, only the work [14] is known. In the present work, the stable complexes of hydrogen peroxide molecules with nucleic bases A, T, G, and C are found and compared to the same complexes with the water molecule.
It is clear that hydrogen peroxide, as well as water, can form hydrogen bonds with nucleic bases. As known [15] , for the recognition of specific DNA sites by an enzyme, it is necessary to interact through at least two hydrogen bonds. Moreover, due to the structures of a hydrogen peroxide molecule and a nucleic base, it is much more favorable for peroxide to form two hydrogen bonds with base atomic groups, where two different oxygen atoms of the H 2 O 2 molecule are involved in the formation of hydrogen bonds. Unlike a complex with one hydrogen bond, in a complex with two hydrogen bonds, the peroxide molecule should be more stable. It has no possibility to rotate around hydrogen bonds. Therefore, in accordance with all the mentioned facts, we consider only the complexes with two hydrogen bonds, not taking complexes with one hydrogen bond into account. It also should be mentioned that the tautomeric forms of nucleic bases have not been considered in the present work.
For each nucleic base, a few binding sites for the interaction with hydrogen peroxide exist. These binding sites are schematically shown in Fig. 1 . For each site, the length of the hydrogen bond and the energy minima are calculated. Binding sites from the backbone side are not considered.
The results of our calculations are presented in Fig. 2 and Table. One can see that, for the adenine base at sites A-I and A-II, a hydrogen peroxide molecule interacts with this nucleic base stronger than water molecule (see Table) . For sites A-I and A-II, interaction energies are close to the values obtained in work [14] . The AAPFh method shows that, at site A-III, there is a weak shows no binding at this site. It should also be mentioned that, in the case of B3LYP method, water and hydrogen peroxide molecules change their shape insignificantly -deformation energies do not exceed 0.5 kcal/mol. Our calculations show that, in the case of thymine, there are two binding sites T-I and T-II (see Fig. 1, b) . The corresponding complexes with a hydrogen peroxide molecule are shown in Fig. 2, b. For water molecules and hydrogen peroxide, the binding takes place at the same sites of thymine, but with a significant difference in the interaction energy (see Table) . Both our approaches (AAPFh and B3LYP) give dominance in the interaction energy to a complex with peroxide as compared with the same complex with a water molecule. In the case of B3LYP method, the deformation energy of peroxide and water molecules plays an insignificant role (< 0.3 kcal/mol).
Complexes with the binding of hydrogen peroxide molecules to guanine (G-I, G-II, G-III, G-IV) are also shown in Fig. 1, c . Differences in the interaction energies are given in Table. Studying these complexes by B3LYP method shows that, in position I, a hydrogen peroxide molecule is significantly deformed (2.5 kcal/mol), what is the reason for the differences between hydrogen bond distances in AAPFh and B3LYP methods (see Fig. 2, c) .
Cytosine has two binding sites (see Fig. 2, d) . At site C-I, there is the binding of both of the water and hydrogen peroxide molecules. In addition, hydrogen peroxide is more energetically favorable to bind (see Table) . At site C-III, there is the binding only of hydrogen peroxide. For site C-II, there is no binding of hydrogen peroxide in the framework of AAPFh method due to the geometric features of an H 2 O 2 molecule, which is rigid. As it can be seen from the structure of the complex, for B3LYP method in position II, hydrogen peroxide dramatically changes its dihedral angle (deformation energy is 4.2 kcal/mol) to form two hydrogen bonds with cytosine. This allows an H 2 O 2 molecule to make a stable complex with cytosine at this cite.
Summarizing the results of our calculations by both methods used in the present work, it can be seen that, for adenine, thymine, guanine, and cytosine nucleic bases, there are places which are more favorable for the binding by a hydrogen peroxide molecule rather than by a water molecule.
Conclusions.
In the present work, we have obtained the stable configurations of hydrogen peroxide with DNA specific recognition sites by two methods: the method of atom-atom potential functions and density functional theory. Both methods show similar results. It can be seen (see Fig. 2 ) that it is most probable for hydrogen peroxide to bind to thymine from the side of atomic groups responsible for the formation of complementary hydrogen bonds. To adenine and guanine -from the side of major and minor grooves, as well as complementary hydrogen bonds. To cytosine -from the side of the major groove and the complementary hydrogen bonds.
It should be noted that the protein recognition of a DNA macromolecule can take place as from the major and minor grooves, depending on the type of an enzyme and on the form of a double helix. Therefore, the formation of a complex of a nucleic acid with a hydrogen peroxide molecule, which binds to the bases from the major (see Fig. 1 , A-I, C-III, G-I) or minor groove (see Fig. 1, A-III, G-IV) , can prevent the recognition of this base by the enzyme and to block the DNA replication. On the final stage of the DNA replication, when the double-stranded DNA is already unzipped up to two single strands, the formation of the complexes of H 2 O 2 molecules with nucleic bases from the side of complementary hydrogen bonds (TI, T-II, A-II, CI, C-II, G-II, G-III) can take place. It should lead to the mistakes in the copying of the genetic infor mation during the synthesis of complementary strands.
To sum up, there are definite sites of nucleic bases, where the binding by hydrogen peroxide is much more advantageous than that by a water molecule. As can be seen from our calculations (see Table) , the energy of the blocking of nucleic bases by a hydrogen peroxide molecule at these sites is comparable to the energy of the formation of complementary pairs [6] . Consequently, the formation of such complexes is sufficiently probable in cells during the ion beam treatment. In this way, the processes of genetic information transfer should be blocked in cancer cells. [projects 0118U000662 and 0116U003192] .
The present work was partially supported by the National Academy of Sciences of Ukraine

